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1  Introduction 

The  network-centric  battlefield  includes  sensors,  troop  carriers,  unmanned  air  vehicle 
(UAV),  aircraft,  smart  weapons,  soldiers,  and  command  centers  all  interconnected  in  the 
battlefield.  In  network-centric  battlefield,  wireless  link  quality,  connectivity  and  other 
features  of  the  network  change  constantly  while  information  is  required  to  be 
disseminated  among  nodes.  This  project  focuses  on  development  of  the  theoretical 
foundations  for  designing  reliable  MANETS  that  meet  the  stringent  military 
requirements. 

To  address  these  challenges,  we  have  established  the  Dynamic  Ad-hoc  Wireless 
Networks  (DAWN)  project.  This  project  developed  a  complete  theory  of  complex  and 
dynamic  wireless  communication  networks.  DAWN  project  started  many  new  cross- 
disciplinary  initiatives  such  as  considering  physical  layer  effects  into  the  modelling, 
analysis  and  control  of  wireless  networks.  DAWN  systematically  redefined  and 
reorganized  existing  models,  protocols  and  controls,  and  developed  new  ones  in  a 
framework  that  guarantees  realism  and  cross-layer  consistency  to  enable  the  efficient 
design  of  such  complex  wireless  systems  as  those  required  by  the  U.S.  Army. 
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Scientific  Achievements 


This  section  highlights  some  of  the  scientific  achievements  during  this  project.  These 
are  few  samples  that  represent  the  quality  of  the  research  work  conducted  during  this 
program. 

2.1  Executive  Summary 

DAWN  Pis  had  received  numerous  awards  in  different  venues  as  reported  in  our  prior 
interim  reports.  We  have  also  published  many  IEEE  and  ACM  journal  and  conference 
papers.  We  have  also  developed  key  results  that  can  be  summarized  below.  Key  results 
include:  (a)  The  computation  of  optimal  unicast  capacity  and  the  technique  to  achieve 
this  capacity;  (b)  showing  that  network  coding  (NC)  does  not  provide  order  throughput 
gains  in  wireless  ad  hoc  networks  subject  to  multicast  communication;  and  (c) 
establishing  a  unifying  framework  for  the  capacity  of  wireless  networks  subject  to  any 
type  of  information  dissemination  modalities,  and  employing  MPR  or  MPT.  We  have 
also  developed  the  first  modeling  of  topology  evolution  in  wireless  mobile  ad  hoc 
networks  (MANETs),  a  unifying  analytical  framework  for  routing  protocols  in  MANETs, 
more  accurate  performance  models  for  802.1 1  channel  access,  and  novel  results  on  the 
impact  of  network  coding  on  the  throughput  and  delay  in  wireless  networks.  We  have 
also  developed  cross-layer  multicasting  design  for  wireless  ad  hoc  networks,  including 
modeling  of  topology  evolution  in  wireless  MANETs  and  unified  analytical  framework  for 
routing  protocols  in  MANET. 
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2.2  Unified  Approach  in  Information  Dissemination 


In  this  section,  we  present  the  first  unified  modeling  framework  for  the  computation  of 
the  capacity-delay  tradeoff  of  wireless  ad  hoc  networks.  The  general  solution  for 
modeling  information  dissemination  encompasses  unicast  routing,  multicast  routing, 
broadcasting,  or  different  forms  of  anycasting.  It  is  termed  (n,/77,/ej-casting  as  a 
generalization  of  all  forms  of  one-to-one,  one-to-many,  and  many-to-many  information 
dissemination  in  wireless  ad  hoc  networks.  In  this  context,  n,  m,  and  k  denote  the  total 
number  of  nodes  in  the  network,  the  number  of  destinations  for  each  communication 
group,  and  the  actual  number  of  communication  group  members  that  actually  receive 

information  ( k  <  TYl) ,  respectively.  Based  on  this  framework,  the  capacity-delay 

tradeoff  for  fn,/77,/cJ-casting  in  wireless  ad  hoc  networks  was  derived.  The  results  are 
consistent  with  many  research  results  that  were  developed  by  other  researchers  for 
specific  values  of  n,  m,  and  k  while  it  provides  also  new  results  that  can  only  be  derived 
with  this  new  approach. 

There  is  much  valuable  insight  to  be  gained  from  modeling  the  capacity  of  unicasting, 
multicasting,  broadcasting  and  anycasting  using  the  same  framework.  Our  ( n ,  m,  k)- cast 
framework  allows  us  to  analyze  the  throughput  capacity  of  wireless  networks  as  a 
function  of  the  number  of  receivers  of  a  communication  group,  which  can  range  from  1 
up  to  the  number  of  nodes  in  the  network,  as  well  as  a  function  of  the  transmission 
range.  Accordingly,  the  results  obtained  in  all  prior  work  can  be  derived  from  our  model 
by  selecting  the  appropriate  values  for  transmission  range,  (n),  and  m.  In  addition,  our 
framework  also  provides  new  insight  on  the  capacity  of  information  dissemination 
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techniques  that  are  becoming  more  prevalent  with  the  availability  of  in-network  storage, 
namely  anycasting,  and  allows  us  to  reason  about  the  nature  that  route  signaling  should 
be  rendered  more  scalable  wireless  networks. 


The  relationship  between  capacity,  Cmk(n ),  and  the  transmission  range  r(n)  can  be 
seen  in  Fig.  1.  From  this  figure,  we  see  that  maximum  capacity  can  be  attained  when 


the  transmission  range  has  its  minimum  value,  i.e.,r(^)  =  Q 


f 


flogO) 


A 


n 


We 


J 


observe  that  the  throughput  capacity  of  dense  wireless  ad  hoc  networks  is  proportional 


f 


with  0 


V  k  J 


and  inversely  proportional  with  the  transmission  range  (n). 
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Fig.  1.  C  (n)asa  function  of  transmission  range  r(n),  real  number  of  destinations  k,  and  the  number 

m,k  V  / 

of  destination  group  choices  m. 


Fig.  2  shows  C  ,(n)  as  a  function  of  m.  As  it  was  the  case  for  C  (n)  if  m  varies 

^  m ,k  V  s  m,m  \  / 

from  1  to  TYl  =  0(l),  the  capacity  of  the  network  does  not  change  and  equals 


f 


0 


1 


A 


V 


n\og{n) 


.  For  values  of  larger  than  TH  ,  the  ( n ,  m,  /f)-cast  order  capacity 


J 


can  increase  or  decrease  depending  on  the  value  of  k.  The  smallest  order  capacity 


corresponds  to  the  case  when  k-m ,  i.e.,  multicasting  ( m  <  ri)  or  broadcasting  ( m  =  n), 
and  the  largest  order  capacity  is  attained  for  anycasting  ( k-  1).  The  shaded  area  in  the 
figure  shows  the  achievable  capacity  for  manycasting  (1  <  k  <m )  for  different  values  of 
m  and  k.  We  observe  that,  regardless  of  the  value  of  k,  the  capacity  of  wireless  ad  hoc 


networks  becomes  constant  when  m  -  Q(tz/  log  ri)  and  an  increase  in  the  value  of  m 
does  notchange  the  throughput  capacity.  This  result  can  be  understood 


6 


by  the  fact  that,  when  the  number  of  destinations  reaches  0(7z/log  n),  this  set  becomes 
the  connected  dominating  set  (CDS(^tz)))  of  the  entire  network  as  long  as  the 
transmission  range  r(n)  is  chosen  such  that  the  network  is  a  connected  network. 
Equivalently,  if  a  broadcast  is  made  to  the  entire  network,  the  capacity  does  not  change 
because  all  the  nodes  in  the  network  are  either  inside  this  set  or  within  one  hop  from 
an  element  in  this  set. 


Optimum  -  case,  k  =  1  general  -  case,  (n,  m,  k )  -  cast. 
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2.3  Unified  Analysis  in  Routing  Protocols  in  MANETs 


We  developed  a  mathematical  framework  for  the  evaluation  of  the  performance  of 
proactive  and  reactive  routing  protocols  in  mobile  ad  hoc  networks  (MANETs).  This 
unified  framework  provides  a  parametric  view  of  protocol  performance,  which  in  turn 
provides  a  deeper  insight  into  protocol  operations  and  reveals  the  compounding  and 
interacting  effects  of  protocol  logic  and  network  parameters.  The  parametric  model 
comes  from  a  combinatorial  model,  where  the  routing  logic  is  synthesized  along  with  the 
characterization  of  MAC  performance.  Each  wireless  node  is  seen  independently  as  a 
two-customer  queue  without  priority,  where  the  two  types  of  customers  are  unicast  and 
broadcast  packets.  The  model  captures  the  essential  behavior  and  scalability  limits  in 
network  size  of  both  classes  of  routing  protocols,  and  provides  valuable  guidance  on  the 
performance  of  reactive  or  proactive  routing  protocols  under  various  network 
configurations  and  mobility  conditions.  The  analytical  results  obtained  with  the  proposed 
model  are  in  close  agreement  with  simulation  results  obtained  from  discrete  event 
Qualnet  simulations. 

In  the  simulation  results  reported  here,  a  total  of  100  nodes  initially  randomly  distributed 
over  a  square  network  of  size  1000m  *  1000m  is  considered.  Every  node  moves  at  a 
speed  V  and  transmits  at  uniform  power  of  a  coverage  of  radius  R  under  certain  traffic 
load.  Three  different  transmission  ranges  R  e  {150,  200,  250}  meters  are  covered,  all 
within  the  coverage  of  WiFi  devices.  Four  different  speeds  V  6  {5,  10,  15,  20}  m/s  are 
simulated,  from  lower  mobility  to  higher  mobility  scenarios.  Traffic,  supplied  from  CBR 
source  at  rate  0.5p/s,  is  randomly  generated  with  uniformly  distributed  sources  and 
destinations.  Different  traffic  flows  F  E{1,  5,  10,  15,  20}  are  simulated,  covering  low  and 
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moderate  flow  configurations.  In  addition,  simulation  results  are  obtained  for  both 
reactive  (AODV)  protocol  and  proactive  (OLSR)  protocol  using  the  default 
implementation  in  Qualnet  3.9.5.  The  MAC  layer  is  chosen  as  the  default 
implementation  of  802.11  MAC  in  Qualnet.  Overall,  a  total  of  120  different  {radius, 
mobility,  flow,  protocol}  configurations  are  simulated.  For  each  configuration,  the 
simulation  result  is  obtained  from  10  random  runs.  Each  simulation  run  is  conducted  at 
a  randomly  generated  seed  with  a  duration  of  30  minutes. 

Let’s  first  explore  the  effectiveness  and  correctness  of  the  proposed  model  in  analyzing 
the  general  behaviors  of  routing  protocols,  in  terms  of  protocol  efficiency  or  packet 
delivery  ratio  (PDR),  under  various  {mobility,  traffic  flow}  configurations.  Note  that  when 
evaluating  proactive  protocols,  the  proposed  model  has  been  adapted  to  incorporate  the 
analysis  of  OLSR  protocol,  accounting  for  artifacts  from  Multi-Packet  Receiver  (MPR) 
technique. 

From  Figs.  3  to  6,  we  have  such  observations, 

•  When  adapted  to  specific  protocols,  the  proposed  analytical  model  provides 
satisfactory  approximation  to  simulated  performance,  as  observed  from  similar  behavior 
in  Figs.  5  and  6  for  OLSR  protocol. 

•  Without  incorporating  specific  techniques  of  AODV  protocol  (e.g.  local  repair),  the 
propose  model  still  captures  the  essential  behaviors  of  reactive  protocols  with  respect  to 
mobility  and  traffic  flows,  while  failing  to  provide  good  matches  to  simulated 
performance. 

•  The  analytical  results  reveal  that  reactive  protocols  are  more  susceptible  to  traffic 
increase,  while  proactive  protocols  are  robust  to  change  in  traffic.  In  general,  as  traffic 
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increases,  a  cross-point  should  be  expected  to  signal  the  transition  of  preference  to 
proactive  protocols.  The  analytical  findings  corroborates  similar  simulation  findings  in 
literature. 

•  Design  of  MAC  layer  significantly  affects  protocol  performance  and  network  scalability. 
Illustrated  in  Figs.  3  and  4,  GTDMA  provide  very  low  throughput  (measured  by  protocol 
efficiency)  and  hit  the  bound  of  network  scalability,  while  LTDMA  scheme  still  enjoys 
good  performance. 

In  summary,  the  parametric  analytical  framework  provides  key  insights  into  the 
compounding  and  interacting  effect  of  network  parameters,  deeper  understanding  on 
essential  protocol  behaviors  and  capability  of  approximating  practical  performance  with 
incorporation  of  procotol-specifc  techniques. 
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Effective  Unicast  Capacity  (C) 


Effecitve  Unicast  Capacity  w/  Various  Flows:  Analytical,  GTDMA 


Fig.  3.  Protocol  Efficiency,  Various  Flows  Analytical,  GTDMA. 
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Protocol  Efficiency 


Protocol  Efffciency  w/ Various  Flows:  Analytical,  LTDMA 


Fig.  4.  Protocol  Efficiency,  Various  Flows  Analytical,  LTDMA. 
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PDR  w/ Various  Flows:  Analytical,  Contention  MAC 


_ 0.8 

DC 

O 

Q_  0.7 
-  1 

o 

08  0  6 


^  05- 

Q>  + 
> 


(D 

Q 

o> 

o 

to 

Q. 


-•-Reactive:  5  m/s 
Proactive:  5  m/s 
Reactive:  10  m/s 
y  Proactive:  10  m/s 
-o-  Reactive:  15  m/s 
-t-  Proactive:  1 5  m/s 
■  -  Reactive:  20  m/s 
•  ►-Proactive:  20  m/s 


th.-,, - .... 


0.3  t  -  _ 


® - 


<- 
+  *- 


V 

■ 

-<! 

-O 

-  ► 

■o 


#  of  Flows 


Fig.  5.  Packet  Delivery  Ratio  (PDR),  Various  Flows  Analytical,  Contention-based  MAC. 


13 


Packet  Delivery  Ratio  (PDR) 


PDR  w/  Various  Flows:  Simulated,  802.11  MAC 


Fig.  6.  Packet  Delivery  Ratio  (PDR),  Various  Flows  Simulated,  802.11  MAC. 
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It  should  be  noted  that  in  above  figures  only  present  the  relationship  between  PDR  and 
various  number  of  flows.  Therefore,  now  we  look  at  one  theoretical  aspect  of  the  model 
and  are  interested  to  know  how  the  increment  in  transmission  radius  R  affects  protocol 
performance  under  various  {mobility,  transmission  radius}  configurations.  Fig.  7  from  the 
model  immediately  brings  out  the  answer.  The  increase  in  R  results  in  two  conflicting 
effects:  improvements  in  logic  efficiency,  resulting  from  the  shorter  source-destination 
distance;  deterioratization  in  operation  efficiency  with  more  competing  neighbor  nodes. 
And  proactive  protocols  should  expect  worse  performance.  The  analytical  explanations 
well  agrees  with  the  intuition.  However,  as  presented  in  Fig.  8,  the  simulation 
configurations  being  extensive  but  not  comprehensive,  still  fails  to  capture  such 
behavior.  Clearly,  our  analytical  model  is  essential  not  only  to  confirm  and  complement 
the  simulations,  but  also  to  supply  inherent  clues  to  how  changes  in  network  parameters 
translate  into  performance  variations. 
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Packet  Delivery  Ratio  (PDR) 


PDR  w/  Various  R. :  Analytical,  Contention  MAC 


Fig.  7.  Packet  Delivery  Ratio  (PDR),  Various  R  Analytical,  Contention-based  MAC. 
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Packet  Delivery  Ratio  (PDR) 


PDR.  w/ Various  R:  Simulated,  802.11  MAC 


Fig.  8.  Packet  Delivery  Ratio  (PDR),  Various  R,  Simulated,  802.1 1  MAC. 
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a)  ♦ 


We  also  demonstrate  how  well  the  analytical  model  does  in  capturing  the  nodes  mobility 
effect  on  the  packet  delivery  ratio  of  both  proactive  and  reactive  routing  protocols  in 
Figs.  9  and  10.  The  larger  the  nodes  movement  speed  is,  the  larger  the  probability  of 
nodes  moving  out  of  transmission  range  is.  Then  the  relay  failure  probability  increases 
which  causes  the  PDR  decrease.  Both  analytical  and  simulation  results  agree  with  this 
intuition,  i.e,  the  proposed  model  still  captures  the  essential  behaviors  of  routing 
protocols  with  respect  to  mobility.  Especially,  the  model  provides  excellent  match  to 
simulated  performance  for  proactive  routing  protocols.  However,  because  reactive 
routing  protocols  request  routing  path  information  right  before  routing  which  greatly 
increases  the  unreliability  in  higher  mobile  scenarios,  the  model  fails  to  provide  good 
matches  to  simulated  performance  which  is  expected. 
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Packet  Delivery  Ratio  (PDR) 


PDR  w/  Various  Movement  S peed:  Analytical,  Contention  MAC 


0.8  - 


0.6" 


— 1 *—  Reactive:  5  Flows 
A  Proactive:  5  Flows 
Reactive:  1 0  Flows 
Proactive:  10  Flows 
•-©-  Reactive:  15  Flows 
Proactive:  15  Flows 
-  ■  -  Reactive:  20  Flows 
44  -  ►  -  Proactive:  20  Flows 


0.51k 


0.4 


0.2 


10  15 

Movement  Speed  (m/s) 


Fig.  9.  Packet  Delivery  Ratio  (PDR),  Various  V,  Analytical,  Contention-based  MAC. 
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Packet  Delivery  Ratio  (PDR) 


PDR  w/ Various  V:  S  im  vita  ted,  802.1 1  MAC 


0.9  - 


0.8-  - 

<>- 

0.7  - 


0.6 


0.5  - 


— «—  Reactive: 
Proactive 
Reactive: 
v  Proactive 
-©-  Reactive: 
Proactive 

-  ■  -  Reactive: 

-  ►  -  Proactive 


5  Flows 
5  Flows 
1 0  Flows 
1 0  Flows 
1 5  Flows 
1 5  Flows 
20  Flows 
20  Flows 


10  15 

Movement  Speed  V  (m/s) 


Fig.  10.  Packet  Delivery  Ratio  (PDR),  Various  V,  Simulated,  802.11  MAC. 
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After  looking  into  PDR,  let’s  look  at  the  packet  delivery  delay  with  various  traffic  flow  F, 
transmission  range  R  and  movement  speed  V.  From  Figs.  11  and  12,  the  following 
observation  is  concluded. 

•  Theoretically  (shown  in  Fig.  1 1),  proactive  routing  protocols  periodically  update  routing 
path  information  to  guarantee  packets  sent  out  immediately,  therefore  even  arrival 
packets  number  increases  as  traffic  flow  increases,  they  still  can  be  sent  out  in  time 
which  causes  the  stability  of  packet  delivery  delay;  however,  in  real  networks,  network 
capacity  could  still  limit  the  packet  processing  speed  (shown  in  Fig.  12).  Heavy  traffic 
constraints  the  routing  request  process  of  reactive  protocols  which  increases  the  packet 
delivery  delay;  simulation  results  in  Fig.  12  for  reactive  routing  protocols  validate  the 
theoretical  model. 

In  summary,  the  parametric  analytical  framework  could  also  capture  the  essential 
insights  and  behavior  of  routing  protocols  in  terms  of  packet  delivery  delay.  Even  with 
nodes  mobility  and  traffic  load  factors,  the  model  still  can  provide  satisfactory 
approximation  to  simulated  performance. 
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Packet  Delivery  Delay  (ms) 
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Fig.  11.  Packet  Delivery  Delay,  Various  Flows,  Analytical,  Contention-based  MAC. 
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Packet  Delivery  Delay  (ms) 


Packet  Delivery  Delay  w/ Various  Flows:  Simulated,  802.11  MAC 


Fig.  12.  Packet  Delivery  Delay,  Various  Flows,  Simulated,  802.11  MAC. 
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3  Ph.D.  and  M.S.  Theses  Completed 


During  this  program,  more  than  20  students  received  funding  from  this  program  and 
completed  their  theses.  The  names  of  these  students  were  mentioned  in  prior  annual 
reports  and  will  not  be  repeated  here  again. 

4  Honors  and  Awards 

Numerous  best  paper  awards  and  honors  were  received  which  were  supported  by  this 
program.  The  complete  list  can  be  founded  from  previous  reports  and  we  simply 
mention  a  sample  of  them  in  this  report. 

•  Best  paper  award  at  IEEE  Fred  W.  Ellersick  Award  for  Best  Unclassified  Paper  at 
the  2008  Milcom  conference. 

•  Best  student  paper  award  at  IEEE  European  Wireless  2010  conference. 

•  Best  paper  award  at  IEEE  2008  International  Conference  on  Communications 
(ICC). 

•  2007  Gilbreth  Lectureship  from  the  National  Academy  of  Engineering. 

•  2008  AACC  Richard  E.  Bellman  Control  Heritage  Award. 

•  Honorary  Doctorate  at  Technical  University  of  Crete. 

•  Best  paper  award  at  2008  IEEE  International  Conference  on  Mobile  Ad-hoc 
and  Sensor  Systems. 


24 


